Introduction
============

Between 25% and 40% of childhood epilepsies are caused by malformations of cortical development (MCDs).[@BR140090-1] MCDs result from abnormal neuronal and glial proliferation or differentiation (tuberous sclerosis, focal cortical dysplasia \[FCD\], hemimegalencephaly), anomalous neuronal migration (subcortical band heterotopia, periventricular nodular heterotopia), and abnormal cortical organization (polymicrogyria, schizencephaly).[@JR140090-2] Hemimegalencephaly is a rare brain malformation (occurring in 0.1--0.3% of children with intractable epilepsy) caused by anomalous neuronal and glial proliferation or differentiation, with an abnormally enlarged and dysplastic hemisphere.[@JR140090-3] [@JR140090-4] [@BR140090-5] Three forms of hemimegalencephaly are described: isolated (without hemicorporal hypertrophy or cutaneous or systemic involvement), syndromic (associated with other diseases), and total (enlargement of the ipsilateral brainstem and cerebellum). The main symptoms include epilepsy, psychomotor retardation, and contralateral hemiparesis.

The main treatment goal in hemimegalencephalic patients is seizure control. Hemispherectomy or hemispheric disconnection is used in young children when other brain regions can take over some functions of the resected brain.[@JR140090-6] If resective surgery is impossible, vagus nerve stimulation (VNS) can be used for seizure palliation.[@JR140090-7]

The etiology of hemimegalencephaly is not clear. Some authors consider abnormal neuroepithelial cell lineage as the primary cause; migratory disorders and cellular proliferation are secondary findings.[@JR140090-8] [@JR140090-9] In a study of resected hemimegalencephalic hemispheres, Lee et al found de novo somatic mutations in identified genes (phosphatidylinositol 3-kinase \[*PIK3CA*\], the protein AKT kinase \[*AKT3*\], and a mammalian target of rapamycin \[*mTOR*\]) that are known to be associated with malignant tumors (breast and pancreas).[@JR140090-10] Because of the excessive neuronal and glial proliferation in hemimegalencephaly and also because of genetic changes associated with malignant tumors, an increased incidence of brain tumors might be expected in hemimegalencephalic patients. However, no data describing glioblastoma development in the hemimegalencephalic hemisphere have been published yet. We present an exceptional case of a patient with hemimegalencephaly who was followed throughout his life for intractable epilepsy treated with VNS, and with glioblastoma development in the hemimegalencephalic hemisphere 6 years after surgery.

Case Description
================

An 18-year-old man had been followed in the pediatric neurologic department since neonatal age for severe mental retardation and pharmacoresistant epilepsy. His family history was unremarkable, with no brain malformations or other neurologic diseases. The gestational period, delivery, and personal history were without problems. Neurologic examination revealed a slight left-sided hemiparesis, horizontal nystagmus, and convergent strabismus. There were several seizures types (myoclonic seizures, simple partial seizures with motor symptoms, complex partial seizures, and generalized tonic-clonic seizures). Scalp electroencephalogram revealed epileptic activity predominantly over the right hemisphere (gradual development of multifocal spike wave complexes with a tendency to generalize).

Repeated magnetic resonance imaging (MRI) studies before the subject was 10 years of age proved right hemisphere hemimegalencephaly. There were no findings suggesting syndromic hemimegalencephaly. At this point, the patient was referred for surgery, but resection was not indicated. The last follow-up MRI study (at age 17 years) confirmed stable findings.

After reaching adulthood (18 years), the patient was referred to the comprehensive epilepsy center for further treatment. Because of the intractability of his seizures, surgical treatment was reconsidered. A detailed MRI investigation confirmed the typical features of isolated hemimegalencephaly: increased cortical thickness, cortical-subcortical border blurring, irregular hyperintensity of hypertrophic white matter (advanced myelination) with the periventricular maximum also affecting the anterior callosal body, no detectable gray matter heterotopia, and no cerebellar or brainstem hypertrophy ([Fig. 1](#FI140090-1){ref-type="fig"}). Because of the patient\'s severe mental retardation, multifocal seizure origin, and adult age, resective surgery was contraindicated and VNS was implanted. Stimulation (1.75 mA, 20 Hz, 250 microseconds, 30 seconds on, 5 minutes off) led to a significant reduction in partial and generalized seizures (\> 60%), and the patient became calmer and more communicative. The effect was stable during the entire follow-up period.

![Magnetic resonance imaging study (age 18 years). Isolated right hemisphere hemimegalencephaly. (A) Diffuse cortical thickening with some blurring of the cortical-subcortical border, irregular white matter hyperintensity, and right callosal body dysgenesis. (B) Extent of cortical involvement in the area corresponding to the brain tumor; note marked cranial asymmetry.](10-1055-s-0035-1554929-i140090-1){#FI140090-1}

Six years after implantation, the patient sought an emergency evaluation after 3 weeks of a severe headache with vomiting that did not respond to analgesics or benzodiazepines, without seizure accumulation. The patient\'s neurologic status remained unchanged: discrete left-sided hemiparesis, horizontal nystagmus, and convergent strabismus. Computed tomography revealed an extensive brain tumor affecting the right frontal lobe with marked edema, midline shift, and irregular postcontrast enhancement; a high-grade glioma was suspected ([Fig. 2](#FI140090-2){ref-type="fig"}). MRI was not indicated because of the implanted VNS and the patient\'s mental retardation, restlessness, and anxiety. Only an incomplete tumor removal was possible because of the deep brain structure involvement and infiltrating growth. The patient awoke after this surgery without any new neurologic deficits.

![Computed tomography image (age 24 years). Extensive right frontal tumor with postcontrast enhancement and central hypodensity. (A) Marked midline shift. (B) Extensive vascularity and cortical involvement.](10-1055-s-0035-1554929-i140090-2){#FI140090-2}

Pathologic analysis confirmed a high-grade glial tumor with palisading necrosis, some large bizarre and multinucleated cells, and microvascular proliferation ([Fig. 3](#FI140090-3){ref-type="fig"}). Glial fibrillary acidic protein was expressed in most of the tumor cells, and diffuse nuclear p53 positivity was observed. Expression of isocitrate dehydrogenase 1 was examined immunohistochemically with negative immunostaining. The final diagnosis was glioblastoma multiforme.

![Necrotizing glioblastoma with a high degree of anaplasia (original magnification ×100; hematoxylin and eosin staining).](10-1055-s-0035-1554929-i140090-3){#FI140090-3}

The patient underwent radiotherapy with shortened fractionation to the residual tumor and tumor bed of 19 × 2.5 Gy. Concomitant chemotherapy was not indicated because of the risk of adverse effects. The seizure frequency remained stable after oncologic treatment, and stimulation parameters were not changed. The survival time was 28 months after tumor resection.

Discussion
==========

Two important points should be emphasized when discussing this exceptional case. The first is the adequacy of the presurgical diagnostic work-up and the clinical course after VNS implantation, with attention paid to potential earlier tumor detection.

Repeated MRI studies confirmed isolated hemimegalencephaly with typical findings (marked hemispheric enlargement, moderate midline displacement, and moderate dilatation or reduction of the lateral ventricles)[@JR140090-9] [@JR140090-11] without any indications of brain tumor.

The literature provides only limited data about potential early markers of tumorous changes in hemimegalencephaly. Oikawa et al compared diffusion tensor imaging (DTI) results in three hemimegalencephalic patients (a 1-month-old, a 2-month-old, and an 18-year-old adolescent) with findings of FCD, tuberous sclerosis, and gliomas. They proposed the use of DTI parameters, including fractional anisotropy maps and apparent diffusion coefficient, for evaluating the subcortical white matter adjacent to the blurred gray-white matter margins as a potentially valuable tool for distinguishing hemimegalencephaly from other diseases. However, the findings were not consistent, even in their small group. T2-weighted white matter hyperintensity in the hemimegalencephalic hemisphere observed in the older adolescent patient was not found in the small children.[@OR140090-12]

Regarding the clinical course after VNS implantation and the possible warning symptoms of brain tumor, it is important to underline the good seizure outcome and psychological improvement of the patient, confirmed on multiple visits, before his sudden deterioration.

The second point concerns the causes of hemimegalencephaly and their potential association with malignant changes. A large variety of asymmetric brain disorders have a genetic background (e.g., Sturge-Weber syndrome, unilateral familial pachygyria, Lhermitte-Duclos disease, and progressive hemifacial atrophy).[@JR140090-8] [@JR140090-9] Genetic causes were identified in individual patients with syndromic hemimegalencephaly (Proteus syndrome).[@JR140090-13] Recently Lee et al found de novo somatic gene mutations in the resected tissue from a subgroup of patients operated on for intractable epilepsy (hemispherectomy) caused by hemimegalencephaly. The mutations affected defined genes (*PIK3CA, AKT3,* and *mTOR*) regulating cell signaling in response to insulin and growth factors and influencing cell size, proliferation, differentiation, and apoptosis. The mutations were found in 8 to 40% of sequenced alleles in different brain regions. Therefore, hemimegalencephaly is a genetic mosaic disease caused by the functional increase in the signaling pathways of *PIK3CA, AKT3,* and *mTOR.* Although the mutations are known to be associated with malignant tumors (breast, pancreas), the presence of other mutations is needed for tumor development and dissemination.[@JR140090-10] [@JR140090-14] Neither phosphatase and tensin homolog (*PTEN*) gene mutation (Proteus syndrome) nor tuberous sclerosis complex genes (*TSC1* or *TSC2*) were detected in the resected specimen of the hemimegalencephalic hemisphere.[@JR140090-15] Some features of FCDs (cytomegaly, cortical stratification disruption, stem cell marker expression) can be related to *mTOR* pathway hyperactivity.[@JR140090-16] This pathway is a target of specific inhibitors (e.g., sirolimus and everolimus).[@JR140090-17]

Trophic factors may also play an important role in hemimegalencephaly development.[@JR140090-8] [@JR140090-9] Neural growth factor (NGF) is important for neuronal growth, differentiation, and survival. The increased tissue levels of NGF, numerous NGF receptor--positive cells, and NGF affinity for cerebral blood vessels and nerve fibers in the hemimegalencephalic hemisphere were confirmed,[@JR140090-18] and experimental studies proved a slight increase in tumor growth and tumor cell migration after NGF, as well as the role of NGF as a significant promotor of promigratory and proproliferative glioblastoma activities.[@JR140090-19] [@JR140090-20]

The association of MCD and a malignant brain tumor is a rare event.[@JR140090-21] Padmalatha et al described a young patient with tuberous sclerosis and glioblastoma.[@JR140090-22] The development of glioblastoma after subependymal giant cell astrocytoma resection in a patient with tuberous sclerosis was published, but the tumor was probably radiation induced.[@JR140090-23]

Although exceptional, the association of MCD with a brain tumor should attract the attention of the treating physician to early identification of possible tumor signs. This requirement is necessary because VNS, which complicates a MRI study, is implanted in patients with unresectable extensive malformation and intractable epilepsy. The identification of another factor responsible for tumor formation with a background of these lesions or potential factors limiting tumor formation in a high-risk genetic background lesion is a problem for basic research.

Conclusions
===========

The available data about the genetics of MCD, including hemimegalencephaly, suggest a potentially increased risk of malignant glioma growth in the malformed brain. Although exceptional, clinical articles confirming this risk in tuberous sclerosis patients and this case report, presenting so far unpublished glioblastoma formation in the affected hemisphere, indicate the need for meticulous clinical and radiologic follow-up care for MCD patients including those with hemimegalencephaly.
